Abstract-A compact phase shifter using reconfigurable defected microstrip structure (RDMS) is proposed for phased array antennas. A complete phase shifter design scheme that serves as an engineering guidance is described. Stepwise phase shifters that have phase-shifting ranges of 90
Recently, phase shifters based on defected ground structure (DGS) [14] are developed [15] [16] [17] [18] [19] . For most of the designs, multilayer structures and microelectromechanical systems (MEMS) are used. Therefore, they suffer from high cost and high fabrication complexity, and may be difficult to integrate in microstrip systems, which substantially limits their applications. As a dual structure of DGS, the defected microstrip structure (DMS) [20] also has the potential to provide phase shift. In [21] , C-shaped slots are etched on microstrip lines in the feed network for phase alignment. However, each slot only has a fixed phase delay of 3
• at 12.5 GHz. A reconfigurable DMS (RDMS) unit has been proposed by the authors for the first time to design phase shifters [22] . The configuration of a single RDMS unit is shown in Fig. 1(a) . It is etched on a microstrip line with a characteristic impedance of 23 Ω and can achieve a phase shift of 17
• at 5.2 GHz. Tapered microstrip lines are employed to connect the RDMS unit to the 50-Ω microstrip system. The RDMS-based phase shifter has the advantages of low cost, low loss, simple fabrication process, and easy integration with microstrip system. However, it has the disadvantages of large electrical size and high volume of lumped elements that could affect its applications and increase the implementation cost.
In this paper, a new type of RDMS unit with a compact size and a simpler structure is proposed as shown in Fig. 1(b) . Based on this RDMS unit, a complete design scheme of stepwise phase shifters consisting of three steps is presented. Each step is supported by simulations and experiments and its mechanism is explained using qualitative equations. Various phase shifters are obtained by following the proposed design scheme. Comparing the obtained phase shifters with the ones in [22] , significant reductions in the size, cost, and insertion loss are achieved, while the phase-shifting range maintains at the same level. Moreover, the phase shifters are utilized in a four-element phased array to achieve beam steering, which validates the feasibility of the phase shifters and shows substantial size reduction of an array.
The contribution of this paper can be summarized as follows. 1) A new configuration of the RDMS that leads to significant reductions in size and cost, and an improvement in performance, compared to the designs in [22] is proposed. 2) A complete design scheme and optimizing methodology of stepwise phase shifters are presented. 3) This paper provides insights of the phase-shifting mechanism and insertion loss reduction by using equivalent circuits and qualitative equations.
This paper is organized as follows. Following the introduction, the structure and phase shift mechanism of the RDMS unit are described and various RDMS units are presented in Section II. In Section III, RDMS groups are obtained by cascading RDMS units. Then, stepwise phase shifters are realized and their advantages are discussed in Section IV. Section V illustrates the RDMS phase shifter's application in a four-element beam steering antenna array. Finally, this paper is concluded in Section VI.
II. RDMS UNIT

A. Structure and Phase-Shifting Mechanism
The structures of the original RDMS unit [22] and the new one proposed in this paper are given in Fig. 1(a) and (b), respectively. As shown in the figure, both RDMS units are built by etching a rectangular slot with a size of W slot × L slot on the microstrip line to introduce a defect. PIN diodes are inserted into the edges of the slot area, which enables structural reconfiguration and results in an RDMS unit. Capacitors and metal stubs used for capacitor mounting are placed in the middle of the slot to achieve RF continuity when the diodes are turned OFF. The dimensions g 1 = 0.4 mm and g 2 = 0.7 mm are determined by the mounting requirements of the lumped elements [24] , [25] . A 1.524-mm-thick Rogers4003 substrate (ε = 3.55 and δ = 0.0027) is used in the design.
It is noted that the main differences between two RDMS units shown in Fig. 1 manifested in the width of the microstrip line, the presence of the tapered microstrip lines, and the number of the stubs. We use only one pair of stubs in the new RDMS unit [ Fig. 1(b) ] rather than two pairs in the original RDMS unit [ Fig. 1(a) ], so that the width of microstrip line W can be reduced from 10 to 3.4 mm. This way, the tapered microstrip lines used to connect the RDMS unit to the 50-Ω port are eliminated. The phase shift and insertion loss can remain almost the same by tuning the slot dimensions W slot and L slot .
The phase shift is achieved by controlling the PIN diodes to obtain different current paths. By turning the diodes "ON" or "OFF," the RDMS unit can work in two different states, namely the "All-ON" and "All-OFF" states, respectively. In the "All-ON" state, both the diodes and capacitors allow the currents to go through them with minor losses. Numerical simulations find that the currents concentrate at the edges of the RDMS unit, which is similar to that of a uniform microstrip line. In the "All-OFF" state, the currents concentrate on the stub since the "OFF" state diodes can be seen as open circuits. Therefore, phase shift is realized due to the different current path in the two states. It can be deduced that the phase shift θ is a function of t and L slot , which affect the current path and can be expressed as
Although the width of the new RDMS unit W in this paper has been significantly reduced (from 10 to 3.4 mm), the value of t [t = (W slot − g 2 )/2 for the new RDMS unit] can be maintained similar to that of the original one by tuning W slot . Therefore, the width reduction does not degrade the phase shift of the RDMS unit.
Regarding the insertion loss of the RDMS unit, it is very small in the All-ON state, since the unit behaves like a uniform microstrip line. It can be expressed by
where L m represents the loss of a conventional microstrip line and L dr represents the sum of the diode loss and radiation loss.
In the All-OFF state, the RDMS unit introduces noticeable reflection that results in the extra transmission degradation. Here, we define the degradation caused by the reflection as
As a consequence, the insertion loss of the RDMS unit in the All-OFF state can be expressed by
The reflection is attributed to the step in the RDMS unit as shown in Fig. 2 . The transmission line model of the two RDMS units is given in Fig. 2 
B. Variation Law
It is found in (2) and (3) that the insertion loss can be seen as a constant in the All-ON state, and a function of W slot and L slot in the All-OFF state, respectively. The phase shift is also a function of the slot dimensions and can be expressed by
since the variable t in (1) is a linear function of
To demonstrate the performance of the new RDMS unit shown in Fig. 1 (b) relative to the slot dimensions, parametric studies on W slot and L slot are conducted using CST Microwave Studio [23] . In the simulation, the diode is modeled as a 4-Ω resistor in the All-ON state, and a parallel circuit consisting of a 20K-Ω resistor and a 0.04-pF capacitor in the All-OFF state, according to the datasheet [24] . Fig. 3 (a) and (b) gives the simulated insertion losses and phase shift of the RDMS unit at 5.2 GHz, respectively. The insertion loss is defined as −|S 21 |, and the phase shift is defined as the phase difference between S 21 in the All-ON state and other states. It is observed in Fig. 3 (a) that the RDMS unit in the All-ON state has a low insertion loss that remains unchanged with different W slot and L slot , which is expected from (2). However, the All-OFF state insertion loss increases with the slot dimensions. As shown in Fig. 3(b) , there is a soar in the phase shift of the RDMS unit by increasing W slot and L slot . It is concluded from the results that both F 1 and F 2 in (3) and (4) are monotonic increasing functions of W slot and L slot . Theoretically, any phase shift value can be obtained using a single RDMS unit. However, a higher phase shift is accompanied by a higher insertion loss in the All-OFF state.
C. Fabricated RDMS Units
To verify the design concept, four RDMS units have been designed with {W slot , L slot } = {1 mm, 1 mm}, RDMS units, respectively. The measured insertion loss of the 50-mm-long microstrip line is also presented in Fig. 5(a) as a reference. It is observed from Fig. 5(a) that the measured loss of a microstrip line L m ≈ 0.5 dB, which is mainly attributed to the dielectric loss and SMA losses. Since all the All-ON state RDMS units have similar low insertion losses as a uniform microstrip line (
, it is concluded that the sum of the diode loss and radiation loss L dr L m . As shown in Fig. 5(b) , the insertion loss in the All-OFF state increases with the slot dimensions and can be very high when a large size slot is employed for a higher phase shift, which is in accordance with Fig. 3(a) . The measured All-OFF state insertion losses are 0.5, 0.7, 1.1, and 4.5 dB for the four RDMS units, respectively. Fig. 5(c) shows that the fabricated RDMS units can achieve phase shifts of θ = 6
• , 15
• , 20
• , and 47
• at 5.2 GHz, respectively. This validates the fact that various phase shifts can be obtained by varying W slot and L slot .
The proposed RDMS unit can serve as a good phase-shifting unit to obtain a phase shift θ ≤ 15
• . However, to obtain a higher phase shift θ > 15
• , the RDMS unit can introduce remarkably high insertion loss in the All-OFF state. This can be mitigated by using the cascaded structure described in the next section.
III. RDMS GROUP MADE BY CASCADING RDMS UNITS
In this section, RDMS groups are produced by cascading several RDMS units described in the previous section. Numerical results show that phase shift introduced by the RDMS group of exactly φ = nθ can be achieved, where θ and n are the phase shift of each RDMS unit and the number of the cascaded units, respectively. Meanwhile, the insertion loss is substantially reduced compared to a single RDMS unit.
A. Cascading Analysis
To illustrate the change of the insertion loss and phase shift when RDMS units are cascaded, an RDMS group consisting of two RDMS 3 units is proposed as shown in Fig. 6 . The two RDMS units are separated from each other by a distance of d. Two dc voltages are used to control the two RDMS units independently. As a result, the RDMS group has four working states named as "All-ON," "ON-OFF," "OFF-ON," and "All-OFF" states when the two RDMS units work in the "All-ON, All-ON," "All-ON, All-OFF," "All-OFF, All-ON," and "All-OFF, All-OFF" states, respectively. It is found that the "ON-OFF" and "OFF-ON" states have almost the same performance due to the symmetric structure. Therefore, we only present the results of one of them and define it as the "Half-ON" state.
The performance (insertion loss and phase shift) of an RDMS group is not only affected by the performance of the RDMS unit employed and the number of the RDMS units cascaded, but also the mutual interaction between the two units, which is related to the distance d. A parameter sweep of d from 1 to 4 mm is conducted using CST microwave studio to study the relationships between the mutual interaction and the performance of the RDMS group. Larger distance d > 4 mm are not considered since this will increase the size of the phase shifter too much. Fig. 7 (a) and (b) shows the computed insertion losses and phase shifts of the RDMS group, respectively, with different d. As shown in Fig. 7(a) , the insertion losses in the All-ON and Half-ON states are independent of d. This is due to the fact that a RDMS unit in the All-ON state can be simply seen as a uniform microstrip line. Consequently, one of the employed All-ON state RDMS units in the group can be replaced by a segment of microstrip line, thus the RDMS group in the All-ON and Half-ON states are equivalent to one RDMS unit working in the All-ON and All-OFF states, respectively. Therefore, the insertion losses in these two states can be expressed by
respectively. For the RDMS group in the All-OFF state, the insertion loss changes with d and is always smaller than that in the Half-ON state. In other words, compared to that of a single RDMS unit, the All-OFF state insertion loss is reduced when two RDMS units are cascaded. This is due to the fact that when the RDMS units are connected by a segment of uniform microstrip line, the input impedance of the RDMS group is changed to be closer to that of the input/output port (50 Ω), resulting in less reflection. Consequently, the All-OFF state insertion loss is given as
where M 1 (d) > 0 represents the reduction in the insertion loss due to the canceled reflection. The phase shift of the RDMS group in the Half-ON state shown in Fig. 7(b) is independent of d and equals to that of a single RDMS unit in the All-OFF state shown in Fig. 5(c) . This is expected and can be attributed to the same reason that we used to explain the insertion loss. With the All-ON state phase as a reference, the phase shift in the Half-ON state can be expressed as
In the All-OFF state, the phase shift of the RDMS group is doubled since the current path change is doubled compared to that of a single RDMS unit. In addition, as observed in Fig. 7(b) , the phase shift is also affected by the reflection change. Therefore, the phase shift can be expressed by
where M 2 (d) is the phase variation with respect to the reflection change and can be either positive or negative with different d. For a specific RDMS group, we can always find a d to satisfy
and
thereby the RDMS group can have an exactly doubled phase shift of φ = 2θ and a smaller insertion loss L g (All-OFF) < L u (All-OFF) concurrently, compared to those of the employed RDMS unit. As shown in Fig. 7(a) , it is noted that the insertion loss in the Half-ON state is obviously larger than those in the All-ON and All-OFF states. As a consequence, we choose to bias the two RDMS units simultaneously rather than control them separately. This way, only one bias network is required and the RDMS group works in two discrete states, the All-ON and All-OFF states. Moreover, we could also cascade more than two RDMS units to produce an RDMS group. Equations (5), (7), and (9) present the insertion losses and phase shift of a RDMS group cascading two RDMS units can also be applied to an RDMS group cascading n RDMS units. The expressions of the insertion losses and phase shift can be written as
where (14) could be very small with an optimized d.
B. Measurement Results of RDMS Groups
For simplicity, an RDMS group cascading n RDMS i units is defined as n RDMS i group, where i represents the serial number of the RDMS unit proposed in the previous section, and n is the quantity of the cascaded RDMS units. Two RDMS groups 2 RDMS 1 and 2 RDMS 3 are designed with d = 2 and 2.8 mm to obtain phase shifts of φ = 2θ 1 and 2θ 3 , respectively, where θ i is the phase shift of the RDMS i unit. Also, an RDMS group 3 RDMS 2 is designed with d = 2.4 mm to achieve a phase shift of φ = 3θ 2 . The fabricated RDMS groups are pictured in Fig. 8 . To bias an RDMS group cascading n RDMS units, the required dc voltage and current are n × 0.9 V and 40 mA, respectively.
Figs. 9-11 present the simulated and measured results of the 2 RDMS 1 , 2 RDMS 3 , and 3 RDMS 2 groups, respectively. It is seen that the measured results agree well with the simulated ones. As shown in the figures, the insertion losses for these RDMS groups are all < 1 dB in both of the two states. Regarding the phase shift, the measured results shown in Figs. 9 and 10 demonstrate that the 2 RDMS 1 and 2 RDMS 3 groups can realize phase shifts of φ = 12
• and 43
• , respectively, which are two times of those realized by the RDMS 1 (θ = 6
• ) and RDMS 3 (θ = 20
• ) units. It is observed in Fig. 11 that the phase shift achieved by the 3 RDMS 2 group is φ = 45 • , which is exactly three times of that of the RDMS 2 unit θ = 15
• . It is concluded from the measure results that an n RDMS i group can achieve a phase shift of φ = nθ i with low insertion losses, where θ i is the phase shift of an RDMS i unit. Comparing with the RDMS unit, the RDMS group serves as a better phase shift unit to obtain a phase shift φ > 15
• . For example, to realize a phase shift of 45
• , the insertion loss of an RDMS unit is 4.5 dB, while that of an RDMS group is < 0.8 dB.
IV. STEPWISE PHASE SHIFTERS
A. Design and Measurement
Stepwise phase shifters can be obtained by cascading m RDMS groups and employing more bias networks, where m is a positive integer. This way, a total phase shift of mφ with a step of φ can be realized, where φ is the phase shift of an RDMS group. In order to verify the design scheme, three stepwise phase shifters are designed, fabricated, and tested. The first one is made by cascading two 2 RDMS 3 groups with two bias networks. The second one employs two 3 RDMS 2 groups with two bias networks. Both of these two phase shifters are designed to have a maximum phase shift of 90
• with a step of 45
• . The third phase shifter is made by cascading four 2 RDMS 3 groups to obtain a phase shift of 180
• . The three phase shifters are named as 4-, 6-, and 8-RDMS phase shifters, respectively. The photos of the fabricated phase shifters are given in Fig. 12 . As shown in Fig. 12 , the stepwise phase shifters have employed two bias pads for the 4-and 6-RDMS phase shifters and three bias pads for the 8-RDMS phase shifters. They are named as Pads 1, 2, and 3, from top to bottom. By manipulating the dc voltages on the bias pads, the stepwise phase shifters are able to work in different states. The 4-and 6-RDMS phase shifters have three states, while the 8-RDMS one has five states in terms of phase shift they achieve. The working states, bias voltages, and the ideal phases of the phase shifters are summarized in Table I . The required bias current is always 40 mA since the RDMS units are connected in series. It should be pointed out that not all the bias pads are connected to a dc source for a certain state. For example, for the All-ON state of the 4-RDMS phase shifter, bias pad 2 is not used and marked as "-" in the table. In addition, for some states of the phase shifters, there is more than one bias method to realize the same phase shift with a similar insertion loss. In this paper, only one way is presented in Table I for the sake of brevity.
Figs. 13-15 show the simulated and measured insertion loss and phase shift of the 4-, 6-, and 8-RDMS phase shifters in all the states listed in Table I . It is observed in Fig. 13 that phase shifts of 0
• , 44
• , and 88
• are obtained by the 4-RDMS phase shifter in the All-ON, Half-ON, and All-OFF states, respectively, 
B. Summarized Design Scheme of the Stepwise Phase Shifter
Sections II-IV have described a complete design scheme of the stepwise phase shifter using the proposed RDMS units. To obtain a stepwise phase shifter with a step size of φ and a total phase-shifting range of mφ (where m is a positive integer), three steps are required. The first step is to optimize the dimensions of a single RDMS unit to obtain a phase shift of θ = φ/n (where n is also a positive integer) at the design frequency. The second step is to obtain an RDMS group with a phase shift of φ by cascading n RDMS units and optimizing the separation distance. The last step is to cascade m RDMS groups and control each group separately using additional bias networks.
More specifically, some guidelines to choose the value of n in the second step depending on the step size φ are described as follows.
1) Case 1 (n = 1): To obtain a step size φ ≤ 15
• , a single RDMS unit should be used to realize the step. This is due to the fact that it has the smallest size, while the insertion losses are also small as observed in Fig. 5 . If using an RDMS group cascading n RDMS units (n > 1) to realize such a phase shift, the reduction in insertion loss would be negligible, while the size is noticeably increased. 2) Case 2 (n = 2): For the step size 15 < φ ≤ 50
• , an RDMS group cascading two RDMS units is the best option, due to the fact that the insertion loss can be fairly high using a single RDMS unit to realize such a phase shift. For example, the measured insertion loss of the RDMS 4 unit is 4.5 dB with a 45
• phase shift. Actually, a similar small insertion loss can also be obtained using RDMS groups cascading more than two RDMS units, but this would increase the size. 3) Case 3 (n > 2): To obtain higher step size φ > 50
• , an RDMS group cascading n (n > 2) RDMS units is required. However, it should be borne in mind that the size of the RDMS group increases with n. Therefore, if the size rather than the insertion loss is the main concern, a smaller n is preferred. As the significant improvements to the RDMS phase shifters given in [22] , the ones obtained in this work not only inherent all the advantages including large phase-shifting range with flexible step size, low insertion loss, easy control method, easy fabrication process, and simple low cost structure compared to the DGS-based phase shifters [17] [18] [19] , but they possess other noticeable merits as follows. First, the size of the phase shifter has been significantly reduced without affecting the phase shift. Compared with the original phase shifters that can achieve phase shifts of 45
• and 90
• , the sizes of the new ones in this paper have been reduced to only 10.6% and 17.5%, respectively, with unchanged phase shifts. The significant size reduction is due to the smaller size of the proposed RDMS unit and the elimination of the impedance matching part. Second, the quantity of the lumped elements employed in the new phase shifters is only half of the original ones. This can be attributed to the new configuration that reduces the number of the capacitors used in an RDMS unit and the quantity of the RDMS units in an RDMS group. Third, the new phase shifters have lower insertion losses. The loss reduction is resulted from a smaller quantity of the lumped elements and a lower dielectric loss due to the smaller size. In addition, unlike the original ones, the new phase shifters do not need tapered microstrip lines for impedance match when connected to a 50-Ω microstrip system, which leads to smaller losses.
V. A FOUR-ELEMENT PHASED ARRAY
The proposed phase shifters are employed in a four-element phased array feed network as shown in Fig. 16 . The array is designed to be able to switch its main beam to −15
• , 0
• , and 15
• in its H-plane. Meanwhile, the size has been reduced by 55% compared to the previous work.
In this design, three Wilkinson power dividers are employed to split the power, while eight phase shifters are integrated into the feed network to realize 50
• progressive phase differences between the array elements at 5.2 GHz. Each phase shifter is composed of one RDMS group consisting of two RDMS units with W slot = 2 mm, L slot = 3.6 mm, and d = 3 mm. As shown in Fig. 16 , for the first-level power divider, there are two phase shifters at each of the two branches. For the secondlevel, there is one phase shifter at each of the four branches. Two bias dc voltages labeled by V 1 and V 2 are employed to control the phase shifters. The biasing mechanism is the same as in [22] . There are four different working states of the phased array. When voltages V 1 and V 2 are "+, +," "−,−," "+,−," and "−,+," the phased array can work in the "All-ON," "All-OFF," "left-ON-right-OFF," and "left-OFF-right-ON" states, respectively. In the All-ON and All-OFF states, the array elements are in phase so that the beam is not tilted. In the left-ON-right-OFF and left-OFF-right-ON states, phase advances and delays of 50
• between the array elements are obtained, respectively. Therefore, beam tilts of −15
• and 15
• are realized.
The four-element phased array antenna is fabricated and tested. Fig. 17 shows the picture of the fabricated antenna array. The simulated and measured reflection coefficient S 11 is depicted in Fig. 18 . According to the figure, the overlapped impedance bandwidth of the four states can cover the wireless local area network (WLAN) 5.2 GHz band (e.g., 5.15-5.35 GHz in USA, 5.15-5.25 GHz in Japan, and 5.15-5.35 GHz in Europe). Fig. 19 shows the simulated and • in the H-plane with minor gain variations for the All-ON, All-OFF, left-ON-right-OFF, and left-OFF-right-ON states, respectively. The measured average gain of the antenna array is 10 dBi. The total radiation efficiencies of the antenna in the four states are 78%, 73%, 72%, and 72%, respectively.
VI. CONCLUSION
A new compact RDMS unit has been proposed. Based on the RDMS units, a complete phase shifter design scheme with three steps has been presented and each step has been elaborated with both theory and measurement. The phase shifters obtained by following such design methodology have significant improvements in size, cost, and loss compared to the designs published before [22] . In addition, significant reductions in cost and size of the array constructed employing such phase shifters are observed, while the performance maintains at the same level. The new results reported in this paper demonstrate that the RDMS unit serves as an excellent candidate for phase shifting in microstrip phased antenna arrays. 
